A radially outward acceleration of plasma in cylindrical geometry along an applied electric field and across an axial magnetic field is studied. We extend our investigation of the configuration, coined a Radial Plasma Source (RPS), to measurements of the plasma characteristics as functions of the gas flow rate. For specified discharge current and magnetic field the plasma flow increases and the discharge voltage decreases with an increase of the flow rate (and neutral pressure). The force exerted on a probe increases for a higher gas pressure. These measurements support the suggestion we made recently [Phys. Plasmas 16, 043507 (2009)] that the ion-neutral collisions in the acceleration region enhance the momentum delivered to the flow.
Introduction
Ion flux and the force exerted by the plasma flow are important for the characterization of flowing-plasma sources. A better understanding of the generation of the ion flux and the exerted force can improve various technological processes such as plasma surface treatment and plasma propulsion. We have recently built and characterized a plasma source of a cylindrical geometry with an applied axial magnetic field in order to generate a radially outward ion flow [1] . To that end the inner part of the source is biased positively (as the anode). Cylindrical plasma sources with a radial flow are often being studied and used [2] [3] [4] [5] [6] . To allow an uninterrupted radial flow of the plasma, we do not employ an annular cathode in our radial plasma source (RPS), but rather a cathode that is a thin cylindrical rod located parallel and at a distance from the source axis. This cathode is similar to the neutralizer used, for example, in the Hall thruster [7] . The dynamics of the plasma is also expected to have similarities to that in the Hall thruster; the electron inward radial motion is impeded by the magnetic field, so that the electrons have a large azimuthal B E × drift, as in the Hall thruster.
Here E and B are the electric and the magnetic fields. Since propellant saving is crucial, Hall thrusters rely on an almost full ionization of the propellant [7] . However, for other uses, where energy saving is more important, delivering of thrust through a partially-ionized plasma might be advantageous [8] [9] [10] . Also, the use of partially-ionized plasma becomes necessary when one might encounter the need for propulsion in an mTorr pressure environment.
First measurements of the RPS [1] showed that, as expected, the plasma flux and the exerted force increase as the magnetic field is increased. However, we also found, somewhat unexpectedly, that the force exerted by the flow is larger than the force that the plasma itself can exert due to the momentum it carries. We suggested that the force is larger because of ion-neutral collisions in the acceleration region that make accelerated mass larger, and the total force larger for a specified amount of deposited electric power. Here we extend our previous study and present measurements of discharge characteristics as functions of the neutral-gas pressure. It is shown that indeed the force exerted by the flow increases with the increase of pressure even though the discharge voltage decreases (for specified magnetic field and discharge current). These findings further support our suggestion [1] that these are the ion-neutral collisions in the acceleration region increase the exerted force.
In Section 2, we describe the RPS and the measurement system. In Section 3, we describe the measured discharge characteristics. In Section 4, we discuss the effect of the gas pressure on the flow characteristics. Figure 1 is a schematic of the RPS and Fig. 2 is a picture of the RPS in operation. The RPS is described in detail in Ref. [1] . The measurement system consists of a balance force-meter, a Langmuir probe and an emitting probe. In our previous study, we used a balance force-meter that acted as a pendulum [1] . For the measurements described here, we have built a new balance force-meter, in which the force exerted by the impinging flow is balanced by a calibrated force exerted by a magnetic coil. A Langmuir probe measures the ion saturation current at various locations around the RPS. We use that ion saturation current to deduce the radial plasma flow. An emitting probe is used for the measurement of the potential at locations between the anode and the cathode.
The experimental system

The RPS measured characteristics
All the measurements presented here are for a magnetic field of 115G. The effect of varying the magnetic field intensity on the discharge characteristics has been examined in our previous study [1] . Figure 3 shows the discharge voltage as a function of the pressure for a discharge current of 1.9A. The voltage decreases as the pressure increases and seems to saturate at about 60V. Similar to other arc discharges the variations of the voltage with discharge current (between 0.9A and 1.9A) are hardly noticeable. Figure 4 shows the ion saturation current into the Langmuir probe (expressing the ion radial flux). The ion flux has a minimum at about 3mTorr and is larger for both lower and higher pressures. The ion saturation current grows roughly linearly with the discharge current, as exhibited in the figure for three different discharge currents. Figure 5 shows the force exerted on the balance force-meter by the flow as a function of pressure for the three different discharge currents. The force has a minimum as well at about 3mTorr, and is larger for both lower and higher pressures. In addition, Fig. 5 also shows the force exerted by the gas itself when the discharge is turned off. The force results from the larger flow rate of the gas that is injected through the anode at the center of the RPS and flow s radially outward. 
Discussion
In our previous study [1] , we observed that the force exerted by the flow is larger than the maximal force that can be exerted directly by the accelerated plasma flow. If each ion acquires the maximal kinetic energy possible due to the full voltage drop, then the force exerted directly by the plasma flow is 2 . ≡ is the mean free path for ion-neutral collisions, iN is the cross section and is the neutral density. Here we present a slightly modified expression for the expected enhanced force:
The unity under the second square -root has been phenomenologically added here to account for the collisionless limit at which a >> λ .
In Fig. 6 , we compare the measured force with the forces expressed by cl and th as defined above, for discharge current 1.9A. As is seen in the figure, the measured force is considerably larger than the maximal force without collisions, as expressed by cl . When collisions are taken into account so that the calculated force is th , however, there is a good agreement with the measured force .
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In calculating th , the force in the presence of ion-neutral collisions, we assumed the neutral density to be proportional to the measured pressure , so that , and the gas temperature is
The cross-section for ion-neutral collisions was taken as [11] . The agreement between ex and th has been reached when the length of the acceleration region was assumed to be . The ratio of the measured to the calculated force with collisions, versus pressure, for three discharge currents
As is seen in Fig. 7 , there is a good agreement between ex and th for the three different discharge current for the same assumed length of the acceleration region. This indicates that the length of the acceleration region where most of the applied voltage drops is similar in the three cases. We suggest that the profile of the electric potential is determined by the profile of the magnetic field. Since the length of the magnetized region between the cathode and the anode is about 1 cm, this could explain the good agreement found in Fig. 7 for . The validity of this suggestion should be examined by making measurements for various values of the magnetic field rather than for a single such value, as was done here. In the calculation we assumed that each ion acquires the energy that is available by the full voltage drop between the anode and the cathode. This is a good approximation if the ionization region is closer to the anode and almost all ions cross the whole extent of the ionization region. Further measurements should be made to examine the validity of this approximation. If there is a noticeable ionization in the acceleration region and further radially outside then the enhancement of the force by collisions is even larger. This larger enhancement could indicate that the neutral density is larger than we assumed for our calculation. The neutral density could indeed be larger since neutrals are injected through the anode and, as a result, their density is larger near the source, the anode.
We expect that not all of the applied voltage drops across the ionization region. A fraction of the applied voltage drops in the vicinity of the cathode. This is an additional reason to suspect that the neutral density is larger than we estimated from the measured pressure in the chamber.
In [1] we showed measurements of a plasma ball that is formed when the magnetic field is zero, similar to those measured in other configurations [12] [13] . A picture of the plasma ball in our RPS is shown in Fig. 8 . The lack of azimuthal uniformity is apparent here, in contrast to what is seen in Fig. 2 . The ionization region is expected to coincide there with the acceleration region.
The acceleration potential is expected to be more tightly related to the electron temperature in that unmagnetized case and the velocity of the accelerated ion flow is expected there to be the ion acoustic velocity.
Summary
We presented measurements of the plasma and flow characteristics in a radial plasma source (RPS). The dependence of the plasma flux, the applied voltage and the exerted force on the pressure indicates that ion-neutral collisions enhance the exerted force, as indicated in our previous measurements [1] . The characteristics of the plasma and flow will be further investigated in future studies. Studying these characteristics will be helpful for understanding the momentum balance in partially ionized plasma flows. It may be useful for developing sources of plasma flows for applications.
